Introduction
Graves' disease (GD) is a prevalent thyroid disease and a leading cause of hyperthyroidism worldwide [1] . The detection of activating TSH-receptor autoantibodies confirms GD diagnosis and explains the abnormally increased thyroid hormone concentrations in blood. Besides goiter and tachycardia, clinically evident Graves' ophthalmopathy (GO) develops in a subset of GD patients [2] . GO is characterized by inflammation and swelling of the orbital tissue. The clinical signs and symptoms are patient-specific and may include protruding eye balls
Key Words
Thyroid · Graves' disease · Autoimmunity · Selenoprotein P · Exophthalmos Abstract Background: Selenium (Se) is of importance for regular functioning of the immune system and thyroid gland, and may have a health effect in mild Graves' ophthalmopathy (GO). Objective: As the Se status declines in inflammation, we analyzed whether GO activity or severity affects the Se status of patients. Methods: Serum Se and selenoprotein P (SePP) concentrations were retrospectively determined in 84 consecutive GO patients before treatment and compared to their clinical activity score (CAS) and severity of eye changes (NOSPECS) status, and to the concentrations of autoantibodies targeting the TSH receptor (TRAK) or the IGF1 receptor (IGF1R-aAB). Results: Serum Se and SePP were linearly associated, indicating a suboptimal Se status of our patients. In comparison to data from other European cohorts, the majority of GO patients had a relatively poor Se status ([Se] ± SD; 70.0 ± 23.8 μg/l), below the threshold needed for full expression of selenoproteins. TRAK were inversely associated with Se concentrations, while IGF1R-aAB titers were not associated with Se. Neither Se nor SePP concentrations differed (exophthalmos), facial disfigurement, double vision, retrobulbar pain and/or headache [3] . In rare cases, extrathyroidal manifestations like pretibial myxedema may develop.
The underlying reasons for development of GO in GD remain mysterious, involving poorly characterized endogenous and exogenous factors; however, smoking is an established major risk factor [4] . TRAK can be reliably detected in the majority of patients and provide some estimation on GO prognosis [5] . Besides TRAK, IGF1 receptor (IGF1R) autoimmunity was described as potentially relevant for GO pathogenesis [6] . IGF1R was shown to interact directly with the TSH receptor and might decisively contribute to increased retrobulbar cell proliferation and extracellular matrix biosynthesis [7] . In a recent study, however, IGF1R autoantibody (IGF1R-aAB) titers did not differ between healthy controls and patients [8] . Meaningful biomarkers are thus urgently needed for improving clinical care in GD and avoiding GO onset and progression.
There are few therapeutic options for GO; besides refraining from smoking and accurate control of thyroid dysfunction, the use of immunosuppressive drugs is most common [9] . The trace element selenium (Se) is of central importance for the immune system as it affects antioxidative protection and thyroid hormone metabolism [10, 11] . Accordingly, a Se supplementation trial in mild GO has been conducted [12] . GO-specific symptoms and quality of life were successfully improved in the Se-treated group, highlighting the importance of this trace element for thyroid gland and the immune system. The positive effects lasted even longer than the active supplementation phase. Unfortunately, the Se status of the participants was not monitored. In an attempt to better characterize Se status in GO, we analyzed patients with different degrees of disease activity and severity.
Materials and Methods

Human Samples and Disease Characterization
Serum samples from consecutive GD patients with clinically apparent GO (n = 84; 73 females, 11 males) referred to the Department of Ophthalmology at the University Hospital Essen were collected upon their first visit, i.e. before initiation of treatment. The clinical investigations were conducted in accordance with the Declaration of Helsinki, and informed consent of the patients was obtained. Study procedures had been formally approved by the ethical review committee of Essen University (No. 02-1860). The diagnosis of GO as well as the TRAK and IGF1R-aAB measurements have been described earlier [5, 8] .
The clinical activity score (CAS) and the severity of eye changes (NOSPECS) were determined according to previously published classification schemes on a scale of 1-10 (CAS) [13] and 1-15 (NOSPECS) [5] , respectively. Briefly, NOSPECS was calculated by a point system reflecting the disease symptoms; detectable lid retraction yielded 1 point and soft tissue inflammation yielded an additional 1-3 points depending on whether one or both lids showed edema, conjunctival injection and/or chemosis. Similarly, 1-3 points were added in relation to the degree of proptosis (0 points for <17 mm, 1 point for 17-18 mm, 2 points for 19-22 mm and 3 points for >22 mm), and up to 3 more points for the degree of site difference (0 points for <1 mm, 1 point for 1-2 mm, 2 points for 3-4 mm and 3 points for >4 mm). Extraocular muscle involvement yielded 2 points if the upgaze was >20° and the abduction was >35°, or 3 points if the upgaze was <20° and the abduction <35°. Finally, 1 point was added if corneal defects were present, and 3 points if the optic nerve was compressed.
The CAS was calculated by adding 1 point for the presence of pain during the last 4 weeks due to an oppressive feeling on or behind the globe, and another 1 point if the pain was present during an attempted up-, side-or downgaze. A maximum of 5 points were added for signs of redness and swelling, i.e. 1 point each for redness of the eyelid, swelling of the eyelid, diffuse redness of the conjunctiva (covering at least one quadrant), for chemosis and for a swollen caruncle, respectively. Another 2 points were given in 59 relation to function, i.e. 1 point for a decrease of eye movement in any direction by ≥ 5° during the last 1-3 months, and 1 point for a decrease of visual activity of ≥ 1 line(s) on the Snellen chart during the last 1-3 months. According to these criteria, our patients were then classified as suffering from an inactive disease if CAS <4 (/10), and of mild disease if NOSPECS <5 (/15), respectively ( table 1 ) .
Se Status Determination
Serum Se status was assessed by serum Se and selenoprotein P (SePP) concentrations. Serum Se was determined by total reflection X-ray fluorescence analysis using a benchtop total reflection X-ray fluorescence analyzer (S2 Picofox; Bruker Nano GmbH, Berlin, Germany) [14] . An immunoluminometric assay based on polyclonal sheep antisera was used for SePP measurements [15] . Assay characteristics, test performance and validation procedures were as described by Wertenbruch et al. [16] . Determination of the third biomarker, i.e. extracellular glutathione peroxidase activity, was not possible as the serum samples had been refrozen before preparation of the aliquots for analysis.
Statistical Analyses
Normal distribution of Se and SePP concentrations were tested with the Shapiro-Wilk normality test. Concentrations of serum Se and SePP were analyzed with respect to autoantibody concentrations and GO activity and severity scores by linear regression. Data processing was performed with GraphPad Prism 5 software. An unpaired t test was used to compare Se status parameters between GO patient groups with active versus inactive and severe versus mild disease characteristics, respectively.
Results
Se Status in Comparison to GO Activity and Severity
In our samples, serum Se and SePP concentrations showed a strong positive correlation ( fig. 1 a; R 2 = 0.376; p < 0.0001), indicating that the Se status of our patient group was below the level needed for full expression of selenoproteins. In agreement with other studies, Se status and thyroid hormone concentrations were not associated, and serum SePP and free T 4 ( fig. 1 b) , serum Se and free T 4 ( fig. 1 c) , serum SePP and TSH or serum Se and TSH (not shown) did not correlate. Notably, as reflected in table 1 , the subjects analyzed in our study constitute a heterogeneous group of typical GD patients with different disease histories and under variable drug treatments. Surprisingly, Se status biomarkers and markers of GO disease activity and severity were unrelated; serum SePP and CAS ( fig. 2 a) , SePP and NOSPECS ( fig. 2 b) , Se and CAS ( fig. 2 c) , or Se and NOSPECS ( fig. 2 d) showed no significant associations. In order not to miss an influence of disease severity or activity on serum Se biomarkers, GO patients were also classified into subjects with severe (n = 53) versus mild (n = 31) or active (n = 62) versus inactive (n = 22) disease ( table 2 ) . There were again no significant differences in Se or SePP concentrations between severely versus mildly diseased subjects, or between patients with active versus inactive disease. Likewise, Se status was not different in smokers vs. nonsmokers (not shown).
Se Status in Comparison to Autoantibody Concentrations
When comparing Se status and autoantibodies, there was no significant association of TRAK and serum SePP In comparison, IGF1R-aAB were present in about 10% of serum samples. IGF1R-aAB levels were neither related to serum SePP ( fig. 3 c) nor to serum Se ( fig. 3 d) concentrations.
Discussion
Our objective was to test the hypothesis that the Se status is associated with GO activity and severity, explaining the reduced Se status found in newly diagnosed GD pa- [18] . This hypothesis was based on the notion that in general, serum Se is a negative acute phase reactant [19] , and that selenoprotein biosynthesis becomes downregulated in response to inflammatory stimuli [20] or hypoxia [21] . In order to assess the Se status in GO patients, we have determined two meaningful biomarkers from serum, i.e. total Se and SePP [14, 22] . As expected from European individuals, we observed a linear correlation of both parameters verifying the relative Se deficiency of our patients, i.e. a Se status insufficient to maximize selenoprotein expression, which is considered as a measure of Se repletion [22] . This is in contrast to healthy subjects residing in Serich areas like the USA, where Se and SePP concentrations do not correlate since selenoproteins are fully expressed by a sufficiently high Se intake [23] . From our data, it is not possible to delineate whether the disease causes lower Se concentrations in GD/GO patients as this was not a longitudinal study and a control group with healthy subjects or patients with GD only was missing. However, the average Se concentration of our GO patients ( [16] . In a recent Danish study, newly diagnosed GD patients exhibited lower Se concentrations than controls ([Se] = 89.9 vs. 98.8 μg/l) [25] . A recent study from Australia compared serum Se status in GD and GO patients and reported a slightly lower Se status in GO as compared to GD patients [26] . According to all these data, GO patients need to be considered as relatively Se deficient in relation to healthy control subjects or GO-free GD patients.
However, in contrast to our expectations, Se status appeared unrelated to activity or severity of GO. This is in slight contrast to data from a recent study analyzing Australian GO patients, where the authors reported that mean Se levels appear to decrease in parallel with increasing severity of GO [26] . Still, the effect of GO severity on serum Se was also marginal in their study, supporting our notion that GO severity and activity is not a determinant of serum Se status. This finding is unexpected as inflammatory stimuli reduce selenoprotein biosynthesis causing low Se status [27] , and Se supplementation improved disease severity and quality of life in a recent intervention study in patients with mild GO [12] .
One potential explanation for this result may lie in the local nature of the inflammatory process in GO having little effect on systemic proinflammatory cytokine concentrations and thus not directly affecting hepatic SePP biosynthesis which controls systemic Se status [28] . Our data from this study and our previous case-control analysis [25] , however, support the hypothesis that a Se deficit may have preexisted, increasing disease risk. This hypothesis is in agreement with other thyroid disease-specific findings in Europeans, e.g. low serum Se being associated with thyroid volume and poor echostructure [29] , multiple thyroid nodules [30] or goiter risk in children [31] . The importance of Se as potential risk factor for thyroid diseases has just been verified in a very large epidemiological trial involving almost 7,000 subjects from a Se-deficient and less-deficient county in China [32] . Additional studies in this direction are also under way to test this hypothesis in large European patient groups [33] .
Such an interaction favors the idea of active supplementation for correcting a potential Se deficit, reducing disease risk or halting disease progression [34] . Several supplementation trials have been undertaken in Hashimoto's thyroiditis with mixed results [35] [36] [37] . Reasons for the variable supplementation success may include patient characteristics, comedications, dosage, duration and chemical form of the selenocompounds used.
TRAK are relevant for diagnosis and prognosis of GO; depending on TRAK concentrations, roughly half of patients can be categorized into having a low or high risk for a severe disease course [5] . The role, importance and relevance of IGF1R-aAB for GO are a disputed issue [8] . A recent Se supplementation trial in GD patients with mild GO was successful with respect to reducing TRAK concentrations, ameliorating disease symptoms and improving quality of life [12] . Our data support this strategy as we identified our GO patients as having a relative Se deficit and displaying a negative association of their Se concentrations with TRAK. Interestingly, no such association was observed between Se status and IGF1R-aAB, despite their assumed central role in GO [8, 38, 39] . However, only a small number of IGF1R-aAB-positive individuals with GO were identified, limiting the general significance of this comparison.
An inverse association between Se and TRAK has been observed in GD patients before, specifically in the patient group going into disease remission [16] . We hypothesize that Se supplementation may improve disease parameters and quality of life by reducing TRAK concentrations and 63 correcting a Se deficit in patients. As most Europeans are relatively Se deficient and there is little risk of side effects when given in appropriate amounts, additional Se intake from quality-controlled supplements may be considered as an adjuvant treatment option in GO. However, such an intervention needs to be critically monitored and discussed together with the individual patient in view of his or her current Se status.
A major strength of our analyses lies in the characterization of the Se status of our patients by two meaningful biomarkers and in the choice of patients from a region with suboptimal dietary Se intake insufficient for full selenoprotein expression. This combination allowed us to draw conclusions on the individual Se status as serum SePP concentrations complement serum Se data in reflecting not only acute nutritional intake, but also the bioavailable fraction of Se faithfully indicating the extent of suboptimal Se status.
Major limitations of our study include analyzing one time point only, the relatively small study group with a low number of male patients and the lack of control groups. These limitations preclude causative insights and sex-specific analyses, which might be meaningful as Se metabolism and medical association studies show sexually dimorphic aspects [40] . Further analyses including well-supplied individuals with higher Se status as well as more male patients are needed in order to better understand the importance of Se in GD and GO. In summary, our data indicate that GO activity and severity are not associated with hepatic Se metabolism and systemic SePPdependent Se transport. Still, GO-associated inflammation may negatively affect Se status in the retro-orbital tissue, impairing selenoprotein expression in retrobulbar cells, which needs to be tested in future analyses.
